Introduction
The term 'radiation-induced bystander effects' refers to damage seen in cells that have not been directly exposed to radiation (1-3). Nagasawa and Little (4) demonstrated that cells adjacent to irradiated cells, but which are not themselves exposed, exhibited increased numbers of sister chromatid exchanges. Radiation-induced bystander effects can be mediated by gap junctions, which require cell-to-cell communication (1, (5) (6) (7) , or through the secretion of media soluble factors, a process that is not dependent on the presence of gap junctions (8) (9) (10) (11) (12) (13) (14) (15) . Substantial evidence is now available, which indicates that radiation-induced bystander effects exhibit a broad spectrum of responses, including reduced clonogenic survival (11, 16) , increased mitochondrial mass (17) and apoptosis (13, (18) (19) (20) (21) , as well as increased numbers of micronuclei (20, 22) , sister chromatid exchanges (4, 23) , chromosomal aberrations (24) and DNA double-strand breaks (7, 25, 26) .
The molecules that induce the bystander effect are poorly characterized; however, certain properties have been elucidated. Some factors implicated in the bystander effects are considered to be long-lived species and can survive freezing and thawing (27) . These factors may be proteins of unknown nature (12, (28) (29) (30) . Short-lived molecules such as reactive oxygen species (ROS) have also been implicated (27) . ROSinduced bystander effects may result in more ROS production, leading to long-lasting or persistent effects in the bystander cells (31) . Bystander effects have been shown to be attenuated following addition of antioxidants (32) , providing additional evidence for the involvement of ROS in the bystander effects.
Bystander effects are not unique to ionizing radiation. Chemotherapeutic drugs (33) and photodynamic stress agents (34) have been shown to be involved in bystander effects. Changes in growth characteristics and adhesion were found in cells following bystander exposure to photosensitizers (34, 35) . Chemotherapeutic drugs such as mitomycin C (MMC) (36) , chloroethylnitrosourea (37) and paclitaxel (38) are known to induce bystander effects. We have recently demonstrated the ability of two DNA-damaging chemicals, MMC and phleomycin (PHL), which have very different modes of action, to induce micronuclei in bystander cells (33) . Thus, bystander effects appear to represent tissue or cellular responses to a range of genotoxic stresses.
Cells recognize and respond to extracellular stimuli by activating signalling cascades, e.g. the mitogen-activated protein kinase (MAPK) pathways, which respond to stress including ionizing radiation (39, 40) and other DNA-damaging agents such as chemotherapeutic drugs (41, 42) , including MMC (43) . This activation plays pivotal roles in controlling cell growth and survival (39) , metabolism, motility, gene expression and apoptosis (44) and is implicated in many disease conditions, including inflammation and cancer (45) . Bystander-induced activation of MAPK proteins has been demonstrated in gap junction (6, 46) and in extracellular secreted factors (31, 47) . Phosphorylated extracellular signalregulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 MAPK proteins were detected within minutes of radiation exposure and persisted up to 60 min in gap-junction-mediated bystander effects (46, 48) . In bystander effects brought about by secreted factors, the phosphorylated forms of the proteins were detected 16-24 h after radiation exposure (31, 47) . There is also evidence of bystander-induced activation of downstream MAPK targets, such as p90RSK, a member of ETS oncogene family (ELK-1), activating transcription factor 2 (ATF2) (46) and cyclooxygenase-2 (COX-2) (47).
MAPK activation is initiated by small GTP-binding proteins, including Ras (49); these activations are short lived and must be converted to long-lasting forms to participate in this activation cascade (50) . This is achieved by the sequential activation of the components of the MAPK cascade. Once activated, the MAPKs activate nuclear molecules, which in turn regulate gene expression (45) . Exposure of cells to DNAdamaging agents, such as ionizing radiation and chemicals, elicits a variety of responses that may influence the expression of genes involved in stress-related pathways. Microarray analyses have revealed that genes belonging to several signalling pathways, including proliferative cancer development (51), nuclear factor kappa light chain enhancer of activated B cells (52) and MAPK (53) pathways, are involved in the radiation-induced bystander effects.
Gene expression analyses provide a powerful means of understanding the molecular mechanisms and pathways involved in cellular phenomena, including bystander effects. In the present study, we evaluated the ability of chemical and physical DNA-damaging agents, MMC, PHL and ionizing radiation, to induce bystander-induced changes in the expression of MAPK target genes. These agents were chosen on the basis of their differing modes of inducing DNA damage. MMC cross-links DNA strands, PHL is a radiomimetic chemical that induces DNA strand breaks through the presence of hydroxyl radicals and ionizing radiation is a well-characterized clastogen. Nineteen genes were analysed using quantitative real-time polymerase chain reaction (PCR), including the housekeeping gene beta-2-microglobulin (B2M) as a control (54) . Bystanderinduced changes in expression of MAPK target genes were observed following exposure to chemical and to physical DNAdamaging agents, thus providing evidence that the bystander effect is a generalized stress response by cells and is not unique to ionizing radiation.
Materials and methods

Cell culture
Two Epstein-Barr virus-transformed but otherwise normal human B-lymphoblastoid cell lines, GM15036 and GM15510, were obtained from the Coriell Cell Repository. The cells were grown in suspension in 10 ml Roswell Park Memorial Institute 1640 medium (GIBCO, Paisley, UK), supplemented with 15% foetal bovine serum (Hyclone, Logan, UT, USA), penicillin-streptomycin (100 U/ml penicillin G sodium and 100 lg/ml streptomycin in 0.85% saline) (GIBCO), 2.5 lg/ml HyqÒ amphotericin B (Hyclone) and 2 mM L-glutamine (GIBCO). Cells were subcultured by seeding at a concentration of 1 Â 10 5 cells/ml and were grown in a fully humidified incubator with 5% CO 2 at 37°C in T25 culture flasks were obtained from Corning, Inc. (NY, USA).
Irradiation
Once the cells reached a density of 1 Â 10 6 cells/ml, the 10-ml cultures in T25 flasks were exposed to X-rays at room temperature. The cells were acutely exposed to 0 (control), 1, 2, 3 and 4 Gy at a dose rate of $0.69 Gy/min using a Faxitron 43855F X-ray (160 kVp) source. The cells were then returned to the incubator for harvesting at the appropriate later time.
Chemical treatment
We had previously determined the appropriate concentrations of MMC and PHL that could be used. The concentrations were selected on the basis on their ability to induce micronuclei in direct and bystander cells, without exhibiting extreme declines in the number of binucleated cells (33) .
The 10-ml cultures in T25 flasks were exposed to different concentrations of the two chemicals, MMC and PHL. The cells, at a density of 1 Â 10 6 cells/ml, were exposed to 0 (control), 100 and 200 ng/ml (final concentration) MMC (Sigma-Aldrich, CAS No.: 50-07-7) or 0 (control), 100 and 200 lg/ml (final concentration) PHL (Sigma-Aldrich, CAS No.: 11006-33-0). One hour after the initial exposure, the residual chemical was removed by washing the cells three times in 10 ml of fresh media and the cells were then incubated in fresh media for 4 h.
Media transfer
The media transfer was performed as described previously (33) . Briefly, the cultures that were directly exposed to radiation or chemical were designated as 'donors' for the conditioned media. Media from unexposed cells was used for controls. Four hours after the initial exposure, the cultures were centrifuged at 300 g for 5 mins and the supernatants were passed through a 0.22-lm filter obtained from Corning, Inc. (NY, USA) to remove any residual cells. This filtrate was considered to be conditioned medium and was used immediately to grow unexposed recipient cells. These bystander cells receiving the conditioned media were then harvested at the appropriate later time.
Total RNA isolation and cDNA synthesis The cells directly exposed to the different doses of radiation or different concentrations of chemicals, as well as the bystander cells, were harvested at different times to determine the effects of exposure (direct or indirect) as a function of time. The cells were harvested at 0, 4, 8, 12 and 24 h by pouring the cultures into 15-ml Falcon tubes and then centrifuging the cells at 300 g for 5 mins. The cell pellets were flash-frozen using dry ice and stored at À80°C for subsequent use. Total RNA was then isolated from the cell pellet using the RNeasy Mini RNA isolation kit (Qiagen, Valencia, CA, USA). Five micrograms of total RNA was then reverse transcribed with random hexamer primers using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The cDNA synthesis was performed according to the manufacturer's protocol. Each 20-ll reaction mix consisted of 2 ll of the 10Â reverse transcription (RT) buffer, 0.8 ll 100 mM dNTP, 2 ll 10Â RT random primer, 1 ll Multiscribeä Reverse Transcriptase, 4.2 ll DNase/RNase-free water (GIBCO) and 10 ll total RNA. This cDNA was then used as a template for real-time PCR. The cDNA synthesized from unexposed cells, or from cells receiving conditioned media from unexposed cells, at 0 h were used as controls.
Measurement of gene expression using real-time PCR
Real-time PCR assays were performed using a Stratagene Mx3000p Real-Time PCR System. Conditions for amplification were 10 min at 95°C to activate the HotStartÒ DNA polymerase, followed by 40 cycles of 30 sec at 95°C for denaturation, 1 min at 57°C for annealing and 30 sec at 72°C for extension. This was followed by a dissociation stage to confirm the presence of a single product, which included one cycle of 1 min at 95°C, 30 sec at 55°C and 30 sec at 95°C. Each 25-ll reaction comprised of 12.5 ll of the 2Â SYBRÒ Green PCR Master Mix (Applied Biosystems), 1 ll each of the 10 lM forward and reverse primers, 5 ll of cDNA (15 ng/ll) and 5.5 ll DNase/RNase-free water (GIBCO). A no-template control (RNase-free water) was included for every PCR run. The reactions were performed in ThermowellÒ Gold PCR plates (Corning, Inc.) capped with ThermowellÒ Gold PCR cap strips (Corning, Inc.). All reactions were performed in duplicate wells.
The primers for the target genes and housekeeping gene, B2M, were obtained from IDT DNA Inc. The threshold cycle (C t ) values obtained from the real-time PCR were used to calculate the quantity of each cDNA based on the 2
ÀDDCt values as described (55) . The formula used can be represented as 2
, where GOI represents the C t value for the gene of interest, RG represents the reference (housekeeping) gene C t value, exp represents the exposed (direct or bystander) cells and cntr represents the unexposed controls. A Microsoft Excel spreadsheet designed in our laboratory was then used to analyse gene expression changes from these values. B2M was used as a housekeeping gene to normalize the variation in the expression of the MAPK target genes (54) .
Statistical analyses
This study was based on five factors: cell lines (GM15510 and GM15036), DNA-damaging agents (MMC, PHL and ionizing radiation), chemical concentration (MMC: 0, 100 and 200 ng/ml and PHL: 0, 100 and 200 lg/ ml) or radiation doses (0, 1, 2, 3 and 4 Gy), time following exposure (0, 4, 8, 12 and 24 h) when gene expression was measured and exposure method (direct or bystander effect). The fold-change expression values were obtained by normalizing the C t values against the 0-h control and the housekeeping gene (B2M) control using the 2 ÀDDCt calculation. The statistical analyses were based on all possible two-, three-, four-and five-way combinations of the above five factors. Eighteen genes, belonging to one of the seven possible combinations of the MAPK pathways, were evaluated. The seven groups analysed represent all possible combinations of the three MAPK pathways, namely IER3, CREB1 and MEK1 nested within the ERK pathway; STAT3 nested within the ERK or JNK pathway; ELK-1 nested within the ERK, JNK or p38 pathway; STAT1 and cMyc nested within the ERK or p38 pathway; c-Jun, NFAT4, JNK1, and SEK1 nested within the JNK pathway; ATF2 and MEF2 nested within the JNK or p38 pathway and MAX, p38 and MKK2 nested within the p38 pathway. MKK2 was used as the reference gene and p38 was selected as the reference pathway.
All fold-change expression data were first assessed using numerical and graphical techniques to determine whether they met the distributional assumptions of the statistical tests being used to analyse them. Based on this preliminary assessment, it was determined that a full seven-factor interaction model could not be fit to these data as there would not be sufficient degrees of freedom for the mean squared error. Hence, the following reduced seven-factor interaction model was fit three times-once for each agent to assess the effect of the factors by themselves and in combination with each other, on the mean fold-change expression:
The last two terms in this model are the two-factor interaction terms-Exposure Method Â Protein Pathway, which assesses the combined (i.e. interactive) effect of exposure method and protein pathway, and Dose Â Time, which assesses the combined (i.e. interactive) effect of dose and time. All the previous six terms after the intercept are the main effects if neither of the two-factor interactions is statistically significant. Otherwise, they assess the simple effects. Using the statistical principle of hierarchy (56) , this reduced model was fitted iteratively until the simplest model that was statistically significant was obtained. The results and interpretations presented for this analysis are for the two-factor interaction term 'Exposure Method Â Protein Pathway' based on the resulting simplest model for each agent. Pairwise multiple comparisons were adjusted using the Bonferroni correction. P values ,0.05 were considered statistically significant, and only the corrected P values are reported here. Statistical analyses were performed using the SAS System for Windows version 9.2.
Results
We evaluated the effects of direct and indirect exposure to the chemicals MMC and PHL, as well as ionizing radiation, on normal human lymphoblastoid cells using the SYBR Greenbased real-time PCR technology. Figure 1 illustrates the downstream targets analysed and their interaction with the components of the MAPK pathways, while Table I lists the genes and primers that were analysed for changes in expression levels at various times after exposure. Shamexposed cells harvested at the time of exposure (0 h) were used as a control.
The ELK-1 gene can serve as a substrate for any of the three MAPK pathways, i.e. activation of ERK, JNK or p38 pathways could potentially result in activation of ELK-1. Eighteen genes were analysed using real-time PCR and the results for ELK-1 are described below, as a representative example.
Gene expression analysis of MAPK target genes following direct exposure to MMC, PHL or radiation The fold changes in expression of ELK-1, by concentration (or dose in the case of ionizing radiation) and time, are illustrated in Figure 2 . GM15510 cells exposed to 100 ng/ml MMC exhibited a 7-fold increase in expression 24 h following exposure (Figure 2A ). GM15036 cells exposed to MMC exhibited approximately a 2-fold increase in expression 12 h after exposure ( Figure 2B ), after which the expression declined. GM15510 cells exposed to PHL ( Figure 2C ) exhibited an initial increase in expression at 4 h followed by a decline, whereas GM15036 ( Figure 2D ) cells did not exhibit as much change in expression. GM15510 cells ( Figure 2E ) exposed to radiation did not exhibit a change in expression, whereas GM15036 cells ( Figure 2F ) exposed to 1 Gy radiation exhibited increased ELK-1 expression, which persisted up to 24 h following exposure.
Gene expression analysis of MAPK target genes following bystander exposure to MMC, PHL or radiation The fold change in expression of ELK-1 following bystander exposure to the DNA-damaging agents at various concentrations or doses and time points following media transfer are illustrated in Figure 3 . Both GM15510 ( Figure 3A ) and GM15036 ( Figure 3B ) cells cultured in media obtained from MMC-exposed cells exhibited up to 2-fold increases in expression of the ELK-1 gene 4-8 h after media transfer, followed by a decline in the expression levels. GM15510 ( Figure 3C ) and GM15036 ( Figure 3D ) cells cultured in PHLconditioned media exhibited approximately half-fold increases in expression between 4 and 12 h following media transfer, followed by a decline. While GM15510 ( Figure 3E 
The genes were then analysed as a group. The factor 'gene name' was nested within the factor 'pathway' to determine how the genes belonging to particular pathway(s) behave following bystander exposure to a DNA-damaging agent compared to direct exposure. The statistical analyses were based on all possible combinations of the various factors (cell lines, agents used, concentration or dose, time following exposure and exposure method). For the purpose of this study, we focused on the ability of chemicals or radiation to bring about bystanderinduced changes in MAPK gene expression and thus focused our statistical analyses on the two-factor interaction term, Exposure Method Â Protein Pathway. This term analysed the expression of the genes, irrespective of cell line, concentration or dose, and time following exposure.
Statistical summary
The expression changes of all 18 genes were analysed as a group and a 60% decline was observed in the average foldchange expression values following MMC bystander exposure compared to direct exposure (P 5 0.02). In addition, the genes STAT1, NFAT4, SMAD4, JNK1 and p38 exhibited a 40-50% greater decline in expression than MKK2 (P , 0.03 in all instances), and IER3 exhibited a 60% increase in expression compared to MKK2 (P 5 0.01). The results of the single-factor Bystander effects of chemicals and ionizing radiation analysis for pathway, and the two-factor analysis for the terms exposure Method ÂPathway, are summarized in Table II . In the case of the single-factor analysis, the changes in gene expression of the various combinations of the MAPK pathways were compared to the reference pathway (p38). The two-factor analysis evaluated the gene expression changes of the MAPK pathways in bystander cells relative to the reference pathway following direct exposure. These analyses are based on the statistical principle of hierarchy and represent the simplest model that was statistically significant. Analysis of the gene expression changes following PHL exposure revealed that the bystander exposure method did not result in significant differences in the fold-change expression values compared to direct exposure (P 5 0.2). However, the genes NFAT4, SMAD4 and JNK1 exhibited $40% lower expression (P , 0.001 in all instances) and IER3 and MAX exhibited 40-60% higher expression (P , 0.0002 in both instances) compared to MMK2. The results for the analysis of pathway (as a single factor) and the combined effects of exposure (bystander) method and pathway are summarized in Table III. For radiation exposure, there was a significant difference in the mean normalized fold-change expression due to the interaction (i.e. combined) effect of exposure method and pathway (P 5 0.0016). The genes IER3, CREB1 and STAT1 were found to exhibit a 20-80% increase in expression compared to MKK2 (P , 0.002 in all instances) and an 80-90% decrease in the case of SMAD4 and ATF2 (P 5 0.01 and 0.02, respectively). The statistical results for the single-factor pathway and the combined effect of exposure (bystander) method and pathway are summarized in Table IV .
Discussion
The work described here evaluated the ability of chemicals and ionizing radiation to induce bystander effects as evidenced by changes in expression of MAPK target genes. We analysed the expression of 18 MAPK target genes following either direct or bystander exposure to MMC, PHL or ionizing radiation. These genes are target substrates of MAPK proteins belonging to one or more of the three MAPK pathways and represent all possible one-, two-and three-way combinations of ERK, JNK and p38. The results indicate that the ERK pathway alone, the ERK and p38 pathways together and the JNK and p38 pathways together exhibited decreased fold-change expression, overall, compared to the reference pathway (p38), and these pathways exhibited an increase in fold-change expression in bystander cells alone when compared to directly exposed cells.
The MAPK pathways are very important regulators of cellular responses to extracellular signals, such as growth factors, cytokines and environmental stresses (81) . They help mediate cellular responses by regulating and coordinating activation of gene transcription (82) , protein synthesis, cell cycle, cell death and differentiation (66) and thus exert profound cellular effects. A large number of transcription factors have been identified as targets of the MAPK pathways (83) . Activated MAPK proteins can activate their targets either in the cytoplasm or in the nucleus (82, 83) . One of the most studied functions of MAPK proteins is the regulation of gene expression following exposure to stimuli (81,84) through regulation of expression of genes encoding transcription factors (83) . The ERK pathway is one of several MAPK signal transduction pathways that convey signals from cell surface receptors to the intracellular targets (85) . The ERK proteins exert their effect through activation of their downstream targets that vary depending on the conditions, cell type and cell organelle (57) . ERK-mediated activation of nuclear transcription factors results in the expression of specific proteins, the first of which are synthesized within a few minutes of cellular stimulation, and thus the genes encoding these are known as the immediate early response genes (IER) (57) . The earliest transcriptional event that occurs in response to ERK activation involves induction of IER expression (57) and this helps regulate the G 0 /G 1 response to mitogenic exposure (58) . These genes may not be expressed in quiescent cells and exposure to stimuli could result in rapid induction of these genes through ERK-mediated pathways (57) . The duration of induction of these genes can vary from a few minutes to hours and this determines the transcription of downstream genes (86) . C-Myc is another factor that is activated by ERK and is important in the control of cell proliferation, apoptosis and differentiation (87) . ERK-mediated c-myc activation is important for the stabilization of c-myc (45) .
The JNK pathway is a stress-activated MAPK pathway and has been implicated in multiple physiological responses (58).
JNK activation is associated with transformation, oncogenesis, apoptosis and cell survival (58, 88) . The mechanism of activation of JNK is not as well characterized as ERK (45) . Upon activation, JNK family proteins phosphorylate the c-Jun protein, which in turn induces the expression of the c-Jun gene (89) . p38 MAPK can be present both in the cytoplasm and in the nucleus, which is consistent with its range of functions (68) . This pathway is activated in response to environmental and inflammatory stress (90) . Activated p38 protein can translocate into the nucleus (68, 91) where it can activate its substrates, which include transcription factors such as MEF2 and ATF2 and protein kinases such as MKK2 (68) . Persistent activation of p38 MAPK plays a role in myogenic differentiation by enhancing the transcriptional activity of MEF2 (76) .
Increased mRNA levels of various members of the MAPK pathways and their downstream targets have been observed in response to various stress stimuli, including H 2 O 2 , ultraviolet radiation and ionizing radiation (92) . The involvement of MAPK proteins in radiation-induced bystander effects has been documented (6, 31, 46, 47) . An increase in ERK, JNK and p38 phosphorylation levels have been demonstrated in bystander cells (48, 93) . Bystander-induced activation of MAPK downstream targets such as ELK-1, ATF2, p90RSK (46) and COX-2 (47) have also been reported. ROS (28) , transforming growth factor a (94) and tumour growth factor (29) are upstream activators of MAPK proteins that have been implicated in radiation-induced bystander effects. 
Bystander effects of chemicals and ionizing radiation
This study demonstrates the existence of chemical and radiation bystander-induced changes in expression of MAPK target genes. Changes in expression of several genes were observed following culture in conditioned media obtained from cells exposed to different concentrations of chemicals and doses of radiation. The 18 genes were analysed as groups of MAPK downstream targets. Genes belonging to the ERK pathway alone, as well as targets of the ERK and p38 pathways together or the JNK and p38 pathways together, exhibited decreased expression following direct or bystander exposure to any of the three agents. When expression patterns in the bystander cells alone were analysed, targets of the ERK or JNK pathways alone, the ERK and p38 pathways together and the JNK and p38 pathways together exhibited increased expression following bystander exposure to MMC or ionizing radiation and not to PHL. Sustained activation and nuclear accumulation of the MAPK proteins are required for changes in expression and stabilization of the targets (57, 95) . PHL does not undergo many oxidationreduction cycles in the presence of DNA and this might be responsible for its reduced cytotoxic effect (96) . Thus, PHL may not activate MAPK proteins for a sufficient duration of time to result in significant changes in expression of target genes. It might be possible that by following the initial PHL exposure with a subsequent exposure a short time later, prolonged activation of the MAPK proteins could result in significant changes in gene expression. However, we have not tested this in the present study.
Overall, these studies indicate that bystander exposure to chemicals and ionizing radiation results in changes in expression of MAPK target genes. Analysis of the downstream substrates of the genes evaluated in this study may provide insights into the biological responses that are activated following bystander exposure to DNA-damaging agents and may lead to a better understanding of the molecular mechanisms involved in bystander-induced cellular responses.
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